This paper describes the manufacture and testing of polymer matrix Terfenol-D particulate composites fabricated with a [112] preferred crystal orientation. The results demonstrate that crystal orientation permits higher saturation strain than previously obtained in particulate composites. Oriented particle composites were fabricated using needle shaped Terfenol-D particulate made from commercially available [112] textured polycrystals. A magnetic field applied during manufacture oriented the particles along their longest dimension. Three materials of 22, 36, and 49% particulate volume fraction, were produced and tested to obtain the magnetostriction at constant mechanical loads from 0.5 to 16 MPa. Results demonstrate that crystallographically oriented particle composites saturate at 1475 microstrain whereas the previous nonoriented particle composite saturates at 1150 microstrain. The authors attribute the increased magnetostriction to a predominance of particle orientation along the [112] crystal direction. Modulus measurements indicate that the composites can be described using an upper bound 1-3 composite model. Upper bound rule of mixtures models show that the 36% and 49% oriented particle composites exhibit 94% and 90% respectively of the predicted upper bound magnetostriction. Further rule of mixtures models are used to illustrate how applied stress increases the effective anisotropy in composites as a function of particulate volume fraction. The results demonstrate that by preferential orientation of particles, Terfenol-D particulate composite materials may be fabricated with magnetostriction properties close to that of bulk Terfenol-D.
Introduction
Composite forms of giant magnetostrictive materials such as Terfenol-D are being investigated to obtain materials with improved frequency response and durability as compared to the monolithic material. The only available method to increase frequency response of Terfenol-D above 1-2 kHz is lamination. 1) Lamination has been employed to produce sonar transducers, 2) but is expensive and has limited frequency response. The upper bound on frequency response is dictated by the thickness of the layers perpendicular to the field application direction.
3) Due to the brittleness of Terfenol-D, layer thickness is limited to the order of a millimeter. Particulate composite magnetostrictive materials provide a solution to this problem because particles may be produced with much smaller diameters (for example, 10 microns) and thus can allow for increased frequency response. However, all composite systems have thus far produced much lower saturation strain output than the commercially available monolithic material.
The first report of particulate composites using giant magnetostrictive materials was by Sandlund, et al. 4) The authors reported using a polymer binder, particle alignment during fabrication, and high volume fraction to produce composite materials that exhibited up to 800 microstrain (µε) of magnetostriction (as compared to 1700 microstrain for commercially available Terfenol-D). More recent studies demonstrated higher magnetostriction (∼ 1150 µε) may be obtained using a polymer matrix, lower volume fraction, and reduced void content. [5] [6] [7] However, the saturation magnetostriction of these composites remains significantly smaller than commercially available Terfenol-D.
Terfenol-D and other giant magnetostrictive alloys are highly anisotropic, requiring fabrication of single crystals or textured polycrystalline materials to achieve maximum magnetostriction. For example, the magnetostriction constants for Terfenol-D along the [111] and [100] directions are λ 111 = 1600 µε and λ 100 = 90 µε, and therefore a crystal with [111] orientation direction yields much larger magnetostriction than a polycrystal without preferential orientation. However, single crystal Terfenol-D has been challenging to fabricate except in very small samples produced at low growth rates. [8] [9] [10] Bridgman and float zone melt techniques are used to texture a polycrystalline sample such that a preferred orientation is obtained. Using theses techniques textured polycrystalline material with a dominant [112] orientation are produced commercially. The commercially available [112] material yields a maximum magnetostriction of 1700-1800 µε measured using a compressive preload of 10-20 MPa. Conversely, commercially available polycrystal-line material yields a saturation magnetostriction of only 1100-1200 µε.
Despite the improvement in magnetostriction observed for crystallographically oriented monolithic materials, little work has been performed with the intent to align particles along specific crystal axes in particulate composite materials. Previously, researchers argued that magnetocrystalline anisotropy along the [111] easy magnetic axis would tend to orient particles along this direction when subjected to a field during processing. 4) However based on reported data, magnetostriction of these composites appears to more closely follow polycrystalline (saturation magnetostriction = 1200 µε) rather than oriented [111] (saturation magnetostriction = 2400 µε) behavior. This observation was confirmed at UCLA where unpublished studies of individual particles in a magnetic field indicated that shape anisotropy and not magnetic anisotropy dominates orientation. Shape anisotropy is defined as a force resulting from the difference in energies associated with magnetizing a finite shaped sample along different directions. For a needle shaped particle, shape anisotropy will tend to orient the particle along its longest geometric axis.
The observed dominance of shape anisotropy is contrary to prior beliefs that magnetocrystalline anisotropy yields preferential orientation of Terfenol-D particles along the [111] easy magnetic axis.
Therefore, in this paper we manufactured composites using shape anisotropy to produce a known crystal orientation in the composite. We fabricated needle shaped particles from [112] oriented stock material and then oriented these needles in the composite during manufacture using a static magnetic field. Measurements reveal that the oriented composite approaches the upper bound rule of mixtures prediction for a composite [112] material. This new oriented composite produces 1475 microstrain magnetostriction at saturation. This magnetostriction magnitude is an increase of 30% over previously reported composite results.
Experimental
Two different types of composites (crystallographically oriented and non-crystallographically oriented) were manufactured for this study. Both types of composites, along with a monolithic [112] Terfenol-D sample, were tested under combined magneto-mechanical loading at constant ambient temperature. Data recorded include load, strain, magnetic flux, and magnetic field. In the following paragraphs, the fabrication and testing approach is described in detail.
Particles were produced with [112] orientation using commercially available stock material. The stock material was first tested to provide a baseline with which to compare the composites behavior. After testing, the rod samples were cut along the rod axis using the dendritic microstructure to produce needle shaped Terfenol-D particles shown in Fig. 1 . These particles have long axis dimensions close to the [112] direction. In Fig. 1 sieved subset of particles <600 microns is shown, though a mixture of particles <1000 microns was used to create the composites. The average l/d ratio of the particles used to manufacture the oriented composites was 3.7. For improved high frequency response, the width of the needle can be decreased using more sophisticated fabrication techniques (for example, spark erosion) than was available for this study. In addition to these particles, ball-milled particles from [112] stock material used for the non-oriented particulate composites had roughly cubic dimensions less than 300 microns.
Composite specimens were prepared from both needle shaped particles and the commercially available ball milled particulate. For discussion purposes, a composite made with needle shaped particles will be referred to as an oriented particle composite (OPC), and one made from ball-milled particles as a non-oriented particle composite (NOPC). For the NOPCs the particles were mixed with a low-viscosity vinyl ester thermosetting polymer and repeatedly degassed to eliminate voids. The composite slurry was then placed into an aluminum mold and a static magnetic field of approximately 20-100 kA/m was applied along the longitudinal direction of the composite using NdFeB magnets. This field aligns the particles into chain-like structures, which yields more favorable mechanical properties, and provides orientation of the needle shaped particles along their longest dimension. For the purposes of this paper, particle alignment will refer to the formation of the particles into chain like structures, and particle orientation will refer to the crystallographic orientation of the particle within the composite. In this study we focus on a 30% particle volume fraction non-oriented composite.
The OPC composites were fabricated using a mold injection process, which was necessary because alignment and orientation of the needle particles could not be obtained once the particles were mixed with resin. Instead dry particles were dropped into the mold while an alignment field was applied. After addition of the particles, the field was maintained creating a rigid "preform" structure. Visual inspection was used to ensure successful orientation. The mold was sealed and resin injected around the perform using a vacuum resintransfer molding process. Specimens with particulate volume fractions, v p , of 49, 36, and 22% were manufactured for this study. Microscopy of the specimens produced using the resintransfer molding process revealed the presence of 1-3% voids within the composites.
After curing at room temperature in the static field, the field was removed and both (OPC and NOPC) composites were post baked for 8 hours at 100
• C to ensure full cure of the polymer. The nominal dimensions of the rectangular OPCs were 4.0 cm × 2.0 cm × 1.0 cm and the nominal dimensions of the cylindrical NOPC were 1.0 cm diameter by 2 cm length. All samples were instrumented for testing using foil strain gages and 25 turn search coils. Earlier tests indicated that small area strain gages (0.03 cm 2 ) were inaccurate in measuring the macroscopic composite behavior with the OPC materials and thus larger area (0.3 cm 2 ) gages were used. All testing was performed on an integrated magnetomechanical testing setup. A constant mechanical load was applied using a servo-hydraulic load frame, and magnetic fields were applied using a large water-cooled solenoid. Steel pushrods were used both to apply mechanical loads to the specimens within the solenoid and to provide a return path for magnetic flux. The pushrods also significantly decrease the demagnetization fields in the specimens. The magnetic field was measured using a double pickup coil placed around the specimen. Fig. 2 , the saturation magnetostriction for the 49% v p OPC is 1250-1475 microstrain (µε) at compressive preloads ranging from 4-16 MPa. Previously, the largest saturation magnetostriction reported in Terfenol-D based composites was <1200 µε 7) similar to the 30% v p NOPC in Fig. 2 . The authors attribute the increase in the saturation magnetostriction in the OPC when compare to the NOPC to crystal orientation. Terfenol-D possesses huge anisotropy in its magnetostriction (λ 111 = 1600 µε and λ 100 = 90 µε) with the bulk of the magnetostriction accounted for by a crystal distortion along the rhombohedral axis. A consequence of this property is that polycrystalline saturation magnetostriction (1500 µε theoretical) is smaller than single crystal (2400 µε theoretical) or textured [112] polycrystalline (∼ 2024 µε theoretical) saturation magnetostriction. Therefore, the crystal orientation in the OPC composite produces larger saturation magnetostriction. However, the behavior in Fig. 2 is a function of not only crystal orientation, but the elastic properties of the particle and matrix, particle volume fraction, demagnetization fields, and applied and internal stresses. To discriminate the effects of particle orientation from other composite effects, we address the above issues as they relate to a composite magnetostrictive material.
Results and Discussion
In Fig. 3 , we examine the effect of volume fraction on magnetostriction in the OPCs as compared to monolithic Terfenol-D. The curves represent tests done with applied compressive stress ranging from 0.5 to 16 MPa. In general both the OPC and monolithic materials have similar hysteresis and thus hys- Terfenol-D, 49% particulate volume fraction oriented particle composite, and 30% particulate volume fraction non-oriented particle composite at constant compressive preloads from 4 to 24 MPa.
teresis appears relatively independent of the Terfenol-D form. Focusing our attention in Fig. 3 on the 0.5 MPa compressive stress curves for the three different composites provides information on the presence and magnitude of the internal compressive stress on the particles created during manufacture due to shrinkage of the polymer. The internal compressive stress rotates domains away from the field direction and results in higher observed magnetostriction at low prestress. The variation in saturation magnetostriction with prestress for the 22% v p composite in Fig. 3 suggests that the domain state of the particles has been completely rotated perpendicular to the field direction. Application of external compressive stress (4, 8, 12 and 16 MPa) to this composite does not produce appreciably higher saturation magnetostriction. In the 36% v p composite, only small increases in saturation magnetostriction are observed at compressive prestress greater than 4 MPa suggesting that the domains are almost entirely rotated at 0.5 MPa. However, in the 49% v p composite the polymer shrinkage is insufficient to provide a dominant 90 degree domain state. Upon the application of higher preloads, significant additional magnetostriction is observed. It is important to note that for non-prestressed monolithic Terfenol-D (0.5 MPa Fig. 3 ), the measured saturation strain is less than 1000 µε and the fields are much higher than when the critical jumping stress (∼ 5 MPa) has been applied.
Another effect observed in Fig. 3 is the effect of volume fraction on the effect of applied fields. In Fig. 3 , we also observe a similar saturation magnetostriction for both the 36 and 49% v p composites, but observe that the 36% v p composite requires a larger magnetic field to reach saturation. In addition we observe that the effect of applied stress on the fieldmagnetostriction behavior of the composite becomes larger as the volume fraction is decreased. This effect may be explained by understanding the role of composite architecture and constituent properties on the effective stress in each of the two composite phases. The modulus of the composite gives us insight into the architecture of the composite and how to most appropriately model the elastic aspects of the system. Figure 4 provides experimentally measured Young's modulus for the three OPC materials as well as the 30% v p NOPC and a 20% v p NOPC from earlier work.
11) The modulus has been measured using a 16 MPa ramp without an applied magnetic field, and then estimated using the secant method. Also given in Fig. 4 are the rule of mixtures models for the upper and lower bounds of modulus using a Terfenol-D Young's modulus of 30 GPa and a matrix modulus of 3 GPa. The OPC and NOPC data are best described using the upper bound approximation, which assumes that the strain is uniform throughout the composite (1-3) . Therefore, although the composite is made of particles, when these particles are magnetically aligned during manufacture their behavior resembles continuous fiber behavior. The observed 1-3 stiffening is similar in both the OPC and NOPC although the particle shape in these materials is different. Therefore both materials may be modeled mechanically using a 1-3 composite model.
An implication of the 1-3 composite architecture is the presence of a relatively large particle stress as compared to the stress is applied to the composite (Fig. 5) . Due to the differences in Young's modulus between the matrix and particle, the stiffer particle supports most of the applied mechanical load. The authors have termed this effect "stress amplification" and it is defined by σ p /σ c where σ p is the stress in the particulate and σ c is the stress applied to the composite. In Fig. 5 , the predictions for stress amplification are provided as a function of volume fraction for several different moduli of Terfenol-D. Since the modulus of Terfenol-D is a function of both applied stress and magnetic field, the stress amplifica- tions are plotted for Terfenol-D moduli from 20 to 60 GPa. This plot shows that the particle is subjected to up to 8 times the applied stress.
Another consequence of the 1-3 architecture in the composite is that a positive strain in the particulate (magnetostriction) produces a tensile stress in the matrix material and a corresponding compressive stress on the particles. The righthand axis in Fig. 5 gives the compressive stress exerted on the particles by the matrix for a magnetostriction of 1000 µε. This effect is a linear function of the stiffness of the matrix material and increases for increasing matrix modulus. For a vinyl ester epoxy matrix material (Young's modulus = 3 GPa), a compressive stress of 3 MPa is generated in the particles for a 50% particulate volume fraction composite while the stress increases to 12 MPa for a 20% v p composite. Thus for higher v p composites, this effect may be negligible, but for lower particulate v p this additional stress is a significant component in explaining the observed behavior.
As described above the actual stress in the particles is higher than the stress applied to the composite due to the combined effects of residual stresses created during manufacture of the composites, stress amplification, and stress contributed by the tensile stress in the matrix during magnetostriction. These stress effects influence the magnetostrictive response of the composite material through stress anisotropy. Stress anisotropy is an effective increase in magnetic anisotropy due to the application of an external stress. Detailed analysis of the low-field region of Fig. 2 indicates for a linear increase in applied stress, a linear increase in field is necessary to obtain a given magnetostriction. For example, an average magnetostriction of 500 µε at 12, 16, 24, and 24 MPa compressive stress requires an applied magnetic field of 31, 38, 51, and 66 kA/m, respectively. The change in field necessary per unit of applied stress for each of the above stress intervals is 1.7, 1.6, and 1.9 kA/m * MPa −1 . In this data, the increase in field necessary due to an applied stress appears to be linear, and therefore one constant is sufficient to describe the effect of stress on magnetostriction regardless of the stress magnitude.
Using the monolithic information and the particle stress amplification given by the 1-3 composite model (Fig. 5) , the behavior observed in the OPCs in Fig. 3 may be explained. First we note that the stress amplification on the particles is 1.9 for a 49% v p and 3.9 for a 20% v p . Therefore, when the applied stress increases from 8 to 16 MPa ( σ = 8 MPa), the effective change in stress on the particles is ∼ 16 MPa for the 49% v p , and ∼ 32 MPa for the 20% v p . Given the linear relationship between increase in stress and the increase in field requirements for given magnetostriction described above, we expect that an increase in stress to the 49% v p will require twice the field increase necessary for the monolithic. Furthermore the same increase in stress to the 20% v p will require four times the field increase necessary in the monolithic to obtain an equivalent magnetostriction. This concept is demonstrated in the following argument using the OPC experimental data. Figure 6 shows the average magnetostriction of the 49, 36, and 22% v p OPC materials for both 8 and 16 MPa compressive prestress. The difference in applied field necessary to reach a magnetostriction of 500 µε at 8 and 16 MPa prestress is shown for each volume fraction. The field increase, as determined through linear interpolation, for the 49, 36, and 22% v p OPCs is 20, 36, and 71 kA/m, respectively (Fig. 5) . The expected increase using the average constant obtained above for monolithic Terfenol-D and the stress amplification factors given in Fig. 4 is 28, 35, 52 kA/m for the 49, 36, and 22% v p OPCs, respectively. Comparing these predictions to the linearly interpolated experimental data we find strong correlation. From this correlation, we conclude that the stress ampli- fication model based on 1-3 composite architecture combined with the stress anisotropy behavior observed in monolithic Terfenol-D explains the stress anisotropy behavior observed in composites. Given the strong dependence of magnetostriction-field behavior on stress and the dependence of stress in the particulate on volume fraction and applied load, a more appropriate comparison can be made between oriented and non-oriented particle composites by comparing similar volume fractions. Figure 7 plots the average magnetostriction for the 30% v p NOPC (unfilled symbols) and the 36% v p OPC composites (filled symbols) at compressive prestress of 0.5, 4, and 8 MPa. The difference between the 30% and 36% particulate volume fractions has minimal effects on the magnetostriction for this discussion (Figs. 4 and 5) . In Fig. 7 the qualitative behavior of the composites for each prestress level is similar. For both materials, 4 MPa prestress is the optimum conversion of field to magnetostriction, defined by the slope of the curve, and an 8 MPa prestress produces the peak magnetostriction but at the cost of increasing applied field. The preferred crystal orientation of the OPC both increases the saturation magnetostriction and decreases the field necessary to exhibit similar magnetostriction.
While the relationship between magnetostriction and field is a function both particulate volume fraction and applied stress, the magnitude of saturation magnetostriction in the composite is only a function of volume fraction and matrix properties. This statement is valid given that sufficient prestress has been applied to obtain magnetization in easy directions perpendicular to the applied field, and that sufficient field has been applied such that the magnetization has rotated to the easy directions parallel to the applied field. The magnetostriction behavior of the OPCs and NOPCs is bounded using the rule of mixtures upper and lower bounds for the composite elastic behavior. Figure 8 shows the measured saturation magnetostriction in the OPCs and NOPCs as a function of volume fraction compared to upper and lower bound predictions based on 1-3 and 0-3 rule of mixtures models. Additional data from other specimens using the same materials has been included. 12, 13) The upper bound is predicted using the constant strain (1-3) rule mixtures approximation (Fig. 4) . This model is given by eq. (1),
where ε c ms is the magnetostriction in the composite, ε tot ms is the total magnetostriction in the magnetostrictive particulate, E p is the elastic modulus of the particulate, E m is the elastic modulus of the matrix material. The total magnetostriction is the maximum measured in the [112] oriented material used to make the particles (1750 µε; 2-sample average) and for polycrystalline material the 1500 µε predicted by classical magnetostriction theory is used. For this calculation E p was assumed to be 30 GPa and E m was assumed to be 3 GPa. The lower bound was predicted using the assumption that a constant stress exists over any given cross-section ignoring particle interactions. This model is represented by a linear function of the particle volume fraction of the particulate, eq. (2). ε c ms = v p ε tot ms (2) In Fig. 8 the OPC experimental data lies above the polycrystalline upper bound model but below the [112] upper bound. In addition the NOPC experimental data lies below the polycrystalline upper bound. Both the OPCs and NOPCs experimental data indicates that the materials are better described by the upper bound prediction (constant strain) than the lower bound condition (constant stress). This evidence confirms the 1-3 modulus behavior observed in Fig. 4 and previous measurements of aligned particle composites.
5, 7)
The OPC experimental data, except for the lowest volume fraction, is above the upper bound for polycrystalline behavior and below the upper bound for [112] aligned behavior. Therefore, the OPCs behavior is better described by particle orientation along [112] than by random particle orientation. All of the experimental data for the NOPCs is below the upper bound for a random orientation (polycrystalline). This data suggests that the NOPC exhibits 1-3 mechanical behavior and is best described by random crystal orientation. We observe that the 36% v p and 49% v p achieve 94% and 90%, respectively, of the predicted upper bound magnetostriction. For these composites nearly the maximum possible magnetostriction, as predicted by the 1-3 rule of mixtures model, has been observed. The lower particulate volume fraction composites show magnetostriction well below that predicted by the 1-3 model. This result may be due to difficulties in producing and accurately measuring well-distributed low volume fraction particle composites.
Another approach to evaluate the response of the composites is to examine the magnetostriction as a function of magnetization. If a sufficient prestress is applied to rotate all domains into directions perpendicular to the applied field, then any increase in magnetization will result in positive magnetostriction. Figure 9 shows the relationship of magnetization and magnetostriction for each of the three OPC composites, the 30% v p NOPC, and a phenomenological model for each material. The phenomenological model assumes that the composite saturation magnetization is the product of the volume fraction times the saturation magnetostriction of Terfenol-D, M T−D sat , and the magnetostriction is proportional to measured saturation magnetostriction of the Terfenol-D independent of volume fraction. The phenomenological model is proportional to M 2 and similar to simple models used to describe polycrystalline behavior.
14) The model is given by,
where ε c mag is the magnetostriction in the composite, ε T−D mag is the saturation magnetostriction in the bulk Terfenol-D modified to reflect the maximum magnetostriction expected for each volume fraction (Fig. 8) , and M c is the magnetization Fig. 9 Experimental data of magnetostriction as a function of magnetization for 49, 36, and 22% particulate volume fraction oriented particle composites, and 30% non-oriented particle composite. A phenomenological model is given based on [112] orientation for the oriented particle composites, and both polycrystalline (solid) and [111] (dashed) orientation for the non-oriented particle composite.
of the composite. For the 30% v p NOPC two models are provided. The lower model assumes a polycrystalline behavior (random orientation) and the upper curve is the result of a [111] preferred orientation; both adjusted for the volume fraction of the composite. This model assumes the elastic upper bound composite behavior whereby the strain is uniform through the composite. From Fig. 9 , the [112] model fits the OPC data well in each volume fraction further supporting the argument that a [112] particle orientation exists in the OPCs. The NOPC is best described by the polycrystalline model and thus does not support significant preferential orientation along [111] due to magnetocrystalline anisotropy. An additional influence on the behavior of particulate composites is the effect of demagnetization fields. The OPCs will have a decreased demagnetization field along the length of the needle compared to the roughly cubic-shaped ball-milled particles. This effect will require smaller applied fields to be applied to the OPCs to achieve the same effective field as in the NOPCs. Therefore there will be a shift to lower applied fields for the OPC composites. This effect will be the focus of future work with OPCs.
Conclusions
Terfenol-D composites using needle shaped particulate have been fabricated to obtain a [112] preferred crystal orientation and increase the saturation strain in particulate composites. The 49% volume fraction oriented particle composites exhibit the highest reported magnetostriction of any magnetostrictive particulate composite (1475 microstrain). The authors attribute the large saturation magnetostriction to a crystallographic orientation of the needle shaped particles along the [112] crystal direction as compared to random orientation in previous composites. Furthermore the influence of constituent mechanical properties has been investigated and was discovered to become increasingly prevalent at lower volume fractions. The stress in the particles is a sum of the internal stress created during manufacture, the applied external stress amplified by a factor dependent on volume fraction and a stress due to the elongation of the matrix during magnetostriction. Understanding the particle stress is important due to the effective magnetic anisotropy it creates and the sensitivity of Terfenol-D magnetostriction behavior to this increase in effective anisotropy.
